Secretory immunoglobulin A (S-IgA) antibodies (Abs) play a major role in preventing viral and bacterial pathogens from colonizing mucosal surfaces such as the gastrointestinal tract. The mechanisms of induction, homing, and regulation of intestinal S-IgA Abs are completely different from the mechanisms involved in systemic immunity, and gut-associated lymphoreticular tissues (GALT), including Peyer's patches (PP), isolated lymphoid follicles (ILF), and mesenteric lymph nodes (MLN), play critical roles (17, 23) . PP have been thought to be the essential inductive sites for regulation of antigen (Ag)-specific IgA Ab responses following oral immunization (3, 11) . However, oral immunization of mice that lack PP resulted in the generation of Ag-specific IgA Ab responses in the gastrointestinal tract when soluble proteins were administered orally or intestinally (18, 35, 36) , suggesting the existence of a PPindependent pathway for mucosal IgA Ab responses.
ILF are recently identified lymphoid structures distributed throughout the murine intestines. ILF formation occurs postnatally and requires lymphotoxin ␤ receptor (LT␤R)-dependent events (8, 20, 22) . The structure of these small lymphoid follicles resembles that of PP, as ILF consist of a large B-cell area, including a germinal center, and an epithelium containing M cells (8) . Furthermore, mRNAs specific for activationinduced cytidine deaminase and I-C␣ transcripts were detected in lymphocytes isolated from ILF (30) . These findings suggest that ILF may be a component of GALT that contributes to intestinal IgA immunity. However, we previously found that mice treated with the fusion protein of tumor necrosis factor receptor and IgG Fc (TNFR55-Ig) and with LT␤R-Ig in utero, which lack PP and MLN but retain intact ILF, failed to induce Ag-specific IgA responses after oral immunization with protein Ag mixed with a mucosal adjuvant, i.e., cholera toxin (35) .
On the other hand, recent studies elucidating the roles of PP during Helicobacter infection have demonstrated that CD4 ϩ Th1 cells in PP play an important role in inducing local and systemic humoral and cellular immune responses, including the development of Helicobacter-induced gastritis (16, 24) . Furthermore, PP are essential for inducing protective Th1 responses against Eimeria vermiformis (19) , implying that PP play a critical role in the induction of immune responses against gastrointestinal infection.
The potential of live attenuated Salmonella strains to induce broad-based immune responses, including cell-mediated, humoral, and S-IgA Ab responses, has prompted their use as oral vaccine delivery vectors for recombinant proteins associated with virulence (1, 5, 6, 29) . Genes from bacteria, viruses, parasites, and mammalian species have been expressed in attenuated Salmonella strains; however, few studies have elucidated the immunological mechanisms for induction of immune responses to the expressed Ag. In particular, the roles of GALT in the induction of mucosal and systemic immune responses after oral Salmonella vaccination remain to be clarified. In the present study, we assessed the importance of GALT for induction and regulation of intestinal IgA immunity to oral recombinant Salmonella (rSalmonella) by using GALT-compromised mice, which are generated by blocking signals mediated by the interleukin-7 receptor (IL-7R), TNFR55, and/or LT␤R. the last dilution which gave an optical density at 415 nm of 0.1 greater than background after 15 min of incubation.
ELISPOT assay for assessment of AFCs. Single-cell suspensions were obtained from the intestinal lamina propria (LP), PP, spleen, and MLN as previously described (12) . The mononuclear cells from the LP and PP were obtained at the interface of the 40% and 75% layers of a discontinuous Percoll gradient (Amersham Pharmacia Biotech, Piscataway, NJ). To determine the number of Ag-specific Ab-forming cells (AFCs), an enzyme-linked immunospot (ELISPOT) assay was performed as previously described (4) . Briefly, 96-well nitrocellulose plates (Millititer HA; Millipore, Bedford, MA) were coated with TT (5 g/ml), incubated for 20 h at 4°C, and then washed extensively and blocked with complete RPMI 1640 containing 10% fetal calf serum (FCS), 50 M 2-mercaptoethanol, 10 mM HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin. The blocking solution was discarded, and lymphoid cell suspensions at various dilutions were added to wells and then incubated for 4 h at 37°C in 5% CO 2 in moist air. The detection Abs consisted of horseradish peroxidase-conjugated goat anti-mouse ␥ or ␣ heavy chain-specific Abs. Following overnight incubation, the plates were washed with PBS and developed by addition of 3-amino-9-ethylcarbazole dissolved in 0.1 M sodium acetate buffer containing H 2 O 2 (Moss) to each well. Plates were incubated at room temperature for 25 min and washed with water, and AFCs were counted with the aid of a stereomicroscope (SZH-ILLB; Olympus, Tokyo, Japan).
Measurement of DTH responses. Delayed-type hypersensitivity (DTH) responses were measured as previously described (32) . Six weeks after immunization, 30 g of TT in sterile PBS was injected into the left ear pinna and the other ear pinna received sterile PBS as a control. Ear swelling was measured 24 h later with a spring-loaded dial thickness gauge. The DTH response was expressed as the difference in ear swelling between the TT-and PBS-injected ears.
Measurement of IFN-␥ production. Levels of gamma interferon (IFN-␥) in culture supernatants of CD4 ϩ T cells of LP were determined by an IFN-␥-specific ELISA (Endogen, Boston, MA). CD4 ϩ T cells were purified with the Imag system (BD Biosciences, San Jose, CA). Briefly, mononuclear cells were mixed with anti-CD4 Ab and incubated at 4°C for 30 min. CD4 ϩ T cells were then separated using a magnet. Uniform latex microspheres (Polysciences, Inc., Warrington, PA) were coated with TT by methods described elsewhere (34) . CD4 ϩ T cells (2 ϫ 10 6 cells/ml) were cultured with T-cell-depleted, mitomycintreated splenic feeder cells (2.5 ϫ 10 6 cells/ml) from naive mice in complete medium. TT-coated beads were added for restimulation of Ag-specific CD4 ϩ T cells. After being incubated for 6 days at 37°C in 5% CO 2 in air, supernatants were analyzed by ELISA.
Bacterial burdens of organs. Seven days after oral immunization with rSalmonella-Tox C, MLN and spleens were collected and homogenized in PBS. Serial dilutions of lysates were plated on LB agar plates containing ampicillin (2), and colonies were counted after overnight culture.
Statistics. The data were expressed as means Ϯ standard deviations (SD) and compared using unpaired Student's t test.
RESULTS

PP, ILF, and MLN are not required for induction of systemic Ag-specific Ab responses against rSalmonella-derived
Ag. To assess the roles of GALT, including MLN, PP, and ILF, in the induction of immune responses against orally administered rSalmonella-Tox C, we first generated PP-null, ILF-null, PP/ILF-null, and PP/MLN/ILF-null mice by treatment with anti-IL-7R, TNFR55-Ig, and/or LT␤R-Ig. The absence of PP and MLN was confirmed visually. Furthermore, small intestinal tissues were carefully examined with the aid of a stereomicroscope to confirm the absence of ILF. No evidence of MLN, PP, and/or ILF was seen in those GALT-null mice. On the other hand, anti-IL-7R Ab-treated PP-null mice showed ILF formation (Fig. 1A) . Immunohistochemical analysis showed clearly defined B220 ϩ B-cell accumulation and FDC clusters ( Fig. 1B and C) . Furthermore, lymphocytes isolated from the ILF of PP-null mice contained CD3 ϩ T cells as well as CD19 ϩ B cells (Fig. 1D ). These results indicate that in utero anti-IL-7R Ab treatment does not affect the development of ILF and that PP-null mice possess mature ILF.
We evaluated the levels of systemic IgG Ab responses. PPnull, ILF-null, PP/ILF-null, and PP/MLN/ILF-null mice induced identical IgG Ab responses to those of control mice ( Fig. 2A) . Analysis of the Ab-forming cells supported the TTspecific IgG Ab titers and showed that significant numbers of TT-specific IgG AFCs were detected in splenic mononuclear cells isolated from all GALT-null mouse groups (Fig. 2B) .
Furthermore, similar patterns of TT-specific IgG1, IgG2c, and IgG2b Ab responses to those of control mice were detected in all GALT-null mice (Fig. 3) . These findings indicate that GALT, including MLN, PP, and ILF, are not required for induction of systemic anti-TT IgG Ab responses when mice are immunized orally with rSalmonella-Tox C.
PP-null mice lack mucosal IgA responses following oral immunization with rSalmonella-Tox C. Next, we examined TTspecific intestinal IgA Ab responses in several groups of GALT-null mice after oral immunization with rSalmonella-Tox C. Interestingly, PP-null mice failed to induce TT-specific fecal IgA Ab responses. In contrast, identical levels of intestinal anti-TT IgA Ab titers were induced in ILF-null mice and control mice (Fig. 4A) . Because the lack of PP may lead to different kinetics for mucosal IgA responses, we assessed TTspecific fecal IgA Ab responses for a longer period. Although we continued to examine IgA levels until day 56, responses were not detected in PP-null mice (data not shown).
The appearance of TT-specific IgA Abs correlated with the presence of Ag-specific IgA AFCs, because only a few AFCs were detected in LP of PP-null mice, while ILF-null mice possessed significant numbers of AFCs, similar to the control mice (Fig. 4B ). In addition, the numbers of TT-specific IgAexpressing AFCs in MLN of PP-null mice, but not ILF-null mice, were significantly lower than those of control mice; however, large numbers of anti-TT IgG-expressing AFCs were found in both PP-null mice and ILF-null mice ( Fig. 5A and B) . These results clearly indicate that PP are important inductive tissues for mucosal IgA Ab responses against rSalmonellaTox C.
PP are critical for mucosal but not systemic Ab responses to Salmonella LPS. In the next study, we examined Ab responses to Salmonella LPS after oral immunization with rSalmonellaTox C. PP-null mice as well as ILF-null mice possessed significant levels of serum IgG anti-LPS responses, which were comparable to the responses of control mice (Fig. 6A) . However, LPS-specific IgA Abs were not detected in the fecal extracts of PP-null mice, while ILF-null mice as well as control mice showed significant IgA Ab responses (Fig. 6B) . These results suggest that organized PP are required for induction of either T-cell-dependent or T-cell-independent Ab responses in the intestinal tract after oral immunization with rSalmonellaTox C. Ag-specific CD4 ؉ T-cell responses. Since our results indicated that organized PP play a critical role in the induction of mucosal but not systemic Ab responses to rSalmonella-Tox C, it was important to analyze CD4 ϩ T-cell responses. CD4 ϩ T cells isolated from the spleens or LP of immunized PP-null mice were restimulated with TT in vitro. The results showed that splenic TT-specific CD4 ϩ T cells possessed high levels of IFN-␥ production, comparable to the IFN-␥ production of control mice (Fig. 7A) . Furthermore, identical TT-specific DTH responses were observed in PP-null mice and control mice (Fig. 7B) . In contrast, the culture supernatant of CD4 ϩ T cells from the LP of PP-null mice contained marginal levels of IFN-␥ (Fig. 7A) . These results indicate that Ag-specific CD4 ϩ T cells and the subsequent IgA Ab responses in the intestinal tract are induced via the PP-dependent pathway following oral immunization with rSalmonella-Tox C.
Distribution of rSalmonella organisms. To assess the dissemination of rSalmonella-Tox C, MLN and spleens were collected from PP-null, ILF-null, and control mice 7 days after administration, and dilutions of organ homogenates were spread onto LB agar plates. Interestingly, rSalmonella-Tox C colonized the MLN and spleen of PP-null mice or ILF-null mice at levels comparable to those of control mice ( Fig. 8A and B) . These results indicate that transport of rSalmonella-Tox C from the intestinal tract to the MLN and spleen is intact even in the absence of PP.
DISCUSSION
We assessed the roles of PP in the induction and regulation of intestinal IgA immune responses to rSalmonella. Our results revealed that mice lacking organized PP and treated in utero (18, 37) . In support of these findings, the results in this study showed that the PP-null mice formed mature ILF containing T and B cells as well as FDC clusters, indicating that in utero anti-IL-7R Ab treatment does not affect ILF development. Thus, failure of Ag-specific intestinal IgA responses was due to the lack of PP, not to dysfunction of other secondary lymphoid tissues.
M cells provide an entry site for Salmonella serovar Typhimurium. Orally administered Salmonella leads to the transport of bacterial Ag from the lumen of the intestinal tract into subjacent follicular lymphocytes by means of M cells for the initial priming of Ag-specific mucosal immune responses (15, 25, 26) . Indeed, a previous study has shown that a Salmonella strain lacking the invasion genes of Salmonella pathogenicity island 1, which are necessary for bacterial entry into M cells, failed to induce Salmonella-specific intestinal mucosal IgA Ab responses (33) . In this regard, recent studies have demonstrated that ILF possess a follicle-associated epithelium containing M cells (8, 20) . Furthermore, the structure of this small lymphoid follicle resembles that of PP (8, 20) . These findings imply that ILF could be an IgA inductive site for the induction of Ag-specific intestinal IgA Ab responses after oral immunization with rSalmonella-Tox C. However, despite the presence of ILF in PP-null mice (8, 9, 20, 22) , the PP-null mice in the present study failed to induce Ag-specific mucosal IgA Ab responses following oral immunization with rSalmonella-Tox C. In addition, Salmonella LPS-specific IgA Ab responses were not detected in the intestines of PP-null mice, while ILF-null mice induced mucosal IgA anti-LPS Ab responses when rSalmonella-Tox C was given orally. These results suggest that ILF do not compensate for the function of PP in the induction of intestinal IgA Ab responses when rSalmonella-Tox C is given . PP-null mice were generated as described in the legend to Fig. 1 and were orally immunized with rSalmonella-Tox C. Four weeks after the immunization, CD4 ϩ T cells (2.0 ϫ 10 6 /ml) obtained from the spleen, LP, and PP were stimulated by TT-coated beads and cultured in the presence of T-cell-depleted splenic feeder cells (2.5 ϫ 10 6 /ml) and IL-2 (4 ng/ml) for 6 days. Culture supernatants were harvested, and the levels of secreted cytokines were assessed by cytokine-specific ELISA. Six weeks after the immunization, mice were injected with TT in the left ear and PBS in the right ear. After 24 h, ear swelling was measured. The results are expressed as means Ϯ SD for three mice per group and a total of five experiments. * , P Ͻ 0.05 compared with control mice. (36) . Thus, MLN could be an inductive site for Ag-specific intestinal IgA immunity when soluble protein is given orally. The results presented in this study support this idea and show that rSalmonella-Tox C colonizes the MLN of PP-null mice at levels comparable to those of ILF-null mice and control mice. However, the lack of PP failed to induce intestinal IgA Ab responses against rSalmonella-Tox C even in the presence of intact MLN. Antigen-specific CD4 ϩ T-cell responses supported the Ab responses and showed that significantly lower TT-specific IFN-␥ responses were detected in the LP of PP-null mice than in those of control mice. These results suggest that although PP-independent pathways exist for soluble protein and MLN may act as an IgA inductive site, PP are essential for the induction of intestinal IgA Ab responses when rSalmonella is administered orally.
Our results indicate that PP-null mice, as well as ILF-null mice, PP/ILF-null mice, and PP/MLN/ILF-null mice, induce identical levels of TT-specific serum IgG Ab responses to those of control mice. Furthermore, the patterns of IgG subclass responses were identical among the GALT-null mice. In addition, identical levels of IFN-␥ responses in splenic CD4
ϩ T cells as well as DTH responses were detected in PP-null mice that were orally immunized with rSalmonella-Tox C compared with control mice. These results indicate that GALT is not required for induction of immune responses in the systemic compartment following oral immunization with rSalmonellaTox C. Our previous study demonstrated that non-follicleassociated M cells reside in the intestinal villous epithelium. These M cells take up several bacteria, including Salmonella (13). Furthermore, as described above, DCs in the intestinal LP offer another possible uptake site (14, 27, 28) . Other studies have demonstrated that Salmonella pathogenicity island 1-deficient Salmonella can be disseminated from the intestinal epithelium to the systemic compartment by means of the CD18-dependent pathway (33) . Indeed, our results demonstrated that the numbers of bacteria in the spleens of PP-null mice were similar to those of ILF-null mice and control mice when rSalmonella-Tox C was given orally. Thus, it is likely that several cell types are involved in permitting the penetration of Salmonella and the transport of bacterial antigen from the intestinal tract into the spleen for induction of systemic IgG Ab responses.
In summary, the present study demonstrates that mice lacking PP fail to induce intestinal IgA Ab responses against rSalmonella-Tox C in both T-cell-dependent and T-cell-independent manners. Furthermore, the lack of PP function was not compensated for by mature ILF. In contrast, none of the GALT types (PP, ILF, and MLN) was required for the induction of systemic immune responses. These results suggest that PP, but not ILF, control the generation of intestinal mucosal IgA Ab responses against rSalmonella-Tox C, whereas bacteria transported into LP regions contribute to the initiation of systemic immune responses.
